1. Introduction {#Ch1.S1}
===============

The development of successful approaches for the induction of pluripotency in somatic cells to generate induced pluripotent stem cells (iPSCs) was ground-breaking (Takahashi and Yamanaka, 2006). Pluripotent stem cells (PSCs) are promising for the treatment of degenerative diseases, which are associated with the progressive loss of functional cells in the patient. Regarding therapeutic application, iPSCs overcame the practical and ethical difficulties associated with the use of embryonic stem cells (ESCs) for cell replacement therapies (CRTs) (Takahashi et al., 2007). One therapeutic approach is to transplant iPSC-derived immature tissue-specific cells, such as neuro- or cardio-progenitor cells (Grow et al., 2016b). An alternative approach is the use of in vitro grown tissue, such as engineered heart muscle, generated from iPSC-derived cardiomyocytes cultured in three-dimensional tissue scaffolds (Tiburcy et al., 2017; Stevens et al., 2009; Turnbull et al., 2014).

The combined efforts of researchers resulted in a broad panel of reprogramming methods for the generation of iPSCs (Malik and Mahendra, 2013; Patel and Yang, 2010). This allows the exploration of different strategies for cell reprogramming, also impacting potential CRTs in humans (Sosa et al., 2017; Zhang et al., 2017). However, several aspects need to be addressed before routine clinical application including (i) long-term safety, (ii) survival and prevalence of the transplanted cells in the in vivo context of an immune system similar to humans, (iii) cell functionality after transplantation, and (iv) feasibility of the upscaling of the production of the cells and the size of the transplant. To achieve this, relevant preclinical animal models are required (Turnbull et al., 2014; Kobayashi et al., 2012; Grow et al., 2016a; Kimbrel and Lanza, 2015).

Within the spectrum of animal models suitable for translational research, nonhuman primates (NHPs) exhibit distinct advantages (Phillips et al., 2014; Behr, 2015). The similarities between humans and NHPs such as their genetic background, immune system, and anatomy make them an attractive model for the validation of new therapeutic strategies like CRTs (Grow et al., 2016a). Invasive biomedical research with great apes as the evolutionarily closest relatives of humans is restricted for ethical and legal reasons. Therefore and because of its relatively broad availability, rhesus macaques (*Macaca mulatta*) have been the NHP model of choice for many biomedical studies including neuroscience and HIV and AIDS research (Grow et al., 2016a; Navara et al., 2013; Didier et al., 2016). Although the rhesus macaque is a well-established model, the establishment of alternative models that share the advantageous characteristics of the rhesus macaque and exhibit specific additional advantages is desirable. The olive baboon (*Papio anubis*) is an Old World monkey with comparable evolutionary distance to humans as the macaques. It shares 92 % of the genome with humans, has a life expectancy of up to 45 years, and very closely resembles human development, anatomy, and physiology (Navara et al., 2018; Bailey, 2009; Rogers and Hixson, 1997). In comparison to macaques and other NHP species except for great apes, baboons have (i) a more similar size and weight in comparison with humans (16.4--21.3 kg for males and 10--15 kg for females) in contrast to rhesus (4--14.1 kg for males and 3--10 kg for females); (ii) they alternate quadrupedal and bipedal locomotion, and (iii) regarding transplantation studies, it is of relevance that their immune system closely resembles the human one, e.g., presenting the same four immunoglobulin G (IgG) subclasses (Grow et al., 2016a; Navara et al., 2018; Varilly and Chandler, 2008; Shearer et al., 1999). Furthermore, controlled-breeding colonies exist that have been studied for many years. Overall, baboons are an excellent NHP model for stem-cell-based transplantation studies (Navara et al., 2013; Bailey, 2009; Simerly et al., 2009; Agrba et al., 2016; Cox et al., 2013; Längin et al., 2018).

In parallel to addressing the remaining open questions of CRTs in animal models, the last years have seen an evolution of reprogramming approaches for the generation clinical grade iPSC (Malik and Mahendra, 2013; Patel and Yang, 2010; Kimbrel and Lanza, 2015). Virus-based reprogramming is very robust and efficient but poses a drawback for clinical application. The original retroviral reprogramming approach is associated with the proviral integration of the vector into the host cell genome and an increased oncogenic potential that is incompatible with the clinical use of respective iPSCs (Kimbrel and Lanza, 2015; Kim et al., 2012). Therefore, non-integrative (non-mutagenic) reprogramming approaches have been developed for human and mouse cells (Malik and Mahendra, 2013; Yu et al., 2009; Yamanaka et al., 2011). Recently, some of them have been adapted to macaques. For example, rhesus macaque iPSCs were generated from embryonic fibroblasts using self-replicating RNA engineered from the Venezuelan equine encephalitis (VEE) virus, which has a positive-strand RNA genome (Sosa et al., 2017). Also, episomal vectors have been used to generate iPSCs from macaque postnatal ear skin fibroblasts (Zhang et al., 2017). However, in both cases, this was achieved under feeder-dependent conditions. To test CRT preclinically in NHP, it is required to cultivate the cells under feeder-free conditions. Cultivation of iPSC using feeder cells, e.g., mouse embryonic fibroblasts (MEFs) or human foreskin fibroblasts (HFFs), limits mass-production and puts at risk the purity of the potential iPSC-derived graft (Villa-Diaz et al., 2013; Nishizawa et al., 2014; Hakala et al., 2009). Furthermore, it is important to have the option to generate vector-free iPSCs in order to preclinically test applications in humans (Shiba et al., 2016; Emborg et al., 2013; Wang et al., 2015).

In contrast to the macaque, the baboon has been widely neglected as an animal model for CRT testing, with very few exceptions (Simerly et al., 2009). Navarra and colleagues generated the first baboon iPSC (biPSC) using a retroviral approach (Navara et al., 2013). Recently this group also reprogrammed baboon peripheral blood cells using a non-integrating Sendai virus approach under feeder cell conditions (Navara et al., 2018). For thorough testing of the potential of CRT, however, it is necessary to have a broad panel of different cell lines available as inter iPSC line variability is common (Nishizawa et al., 2016; Carcamo-Orive et al., 2017; Ohi et al., 2011). Hence, it is important to generate different baboon iPSC lines by different reprogramming approaches and from different sources. This will allow the identification of the general and specific characteristics of baboon iPSC lines, which is important regarding the interpretation of preclinical data generated using NHPs and their translation into the clinics (Didier et al., 2016; Cox et al., 2013).

The *piggyBac* system has been shown to be useful for generating human, mouse, and marmoset monkey iPSCs (Debowski et al., 2015; Woltjen, 2011; Yusa et al., 2009; Mohseni et al., 2009). The *piggyBac* transposon-based approach represents several advantages such as (i) the robustness of the expression of the reprogramming factors, (ii) the capacity to deliver large DNA fragments, and (iii) the possibility of footprint-free excision of the vector after reprogramming. Using a six-factor-in-one vector transposon, we reported the successful reprogramming of marmoset monkey (*Callithrix jacchus*) postnatal skin fibroblasts into iPSCs (Debowski et al., 2015).

In this study, we adapted our established *piggyBac* reprogramming protocol to baboon cells in order to contribute to establishing this species as a preclinical model for CRTs. Employing the nonviral *piggyBac* approach, we were able to reproducibly reprogram baboon adult skin fibroblasts. We also managed to adapt baboon iPSC lines from feeder-dependent to feeder-free culture conditions, which will allow the xeno-free mass production of biPSCs.

2. Results {#Ch1.S2}
==========

2.1. Baboon skin fibroblast reprogramming by the *piggyBac* transposition {#Ch1.S2.SS1}
-------------------------------------------------------------------------

Five independent biPSC lines, termed DPZ_biPSC1 to DPZ_biPSC5, were derived from fibroblasts isolated from a skin biopsy of an adult female baboon. Reprogramming was performed using our previously published *piggyBac* six-factor transposon system, containing the marmoset *SOX2*, *OCT4*, *KLF4*, *c-MYC*, *NANOG*, and *LIN28* sequences (Fig. 1a). In silico similarity analyses between the six reprogramming factors of the marmoset and the respective baboon sequences showed evolutionary conservation (\> 96 %); only NANOG was less conserved (Table 1). Between days 25--30 after nucleofection, 10 to 15 primary colonies per plate (approx. 100 in total) with a morphology distinct from the non-reprogrammed fibroblasts were identified; new colonies appeared until day 60. Considering the number of colonies identified in this experiment, the overall reprogramming efficiency in this experiment is 0.0001 % ($\sim 100$ colonies$/1 \times 10^{6}$ transfected cells during the course of the experiment -- more colonies could have developed after termination of the reprogramming period) in relation to the total fibroblast transfected and 0.0063 % (12.5 colonies per primary plate$/$$0.2 \times 10^{5}$ cells per primary plate) in relation to the puromycin resistant cells. Colonies had a stable morphology independent of the passage number and resembled other primate iPSCs in feeder culture. The colonies presented clear borders, and compact structure, and the cells had a high nuclei$/$cytoplasm ratio (Fig. 1a). During the first passages (approx. until passage 5) colonies with good morphology were picked manually to stabilize the different lines in culture. Then five colonies meeting the morphological PSC criteria were selected and further passaged and characterized (Fig. 1a). As a first screen for pluripotency, alkaline phosphatase activity was evaluated between passage 10 and 15. Generated iPSCs lines show alkaline phosphatase (AP) activity (Fig. 1b). Karyotyping was performed for biPSC1 and biPSC4. The cytogenetic analysis revealed a numerically normal karyotype of a female baboon without any evidence of structural chromosomal abnormalities (Fig. 1c).

![Baboon induced pluripotent stem cells. **(a)** iPSCs morphology of the five baboon lines generated and characterized (DPZ_biPSC1 to DPZ_biPSC5; scale bars 100 and 25  $µ$m, inset). **(b)** Alkaline phosphatase staining (scale bar 200 $µ$m). **(c)** Representative G-banded female karyotypes, female karyotypes (42; XX) of DPZ_biPSC1 (left karyogram) and DPZ_biPSC4 (right karyogram).](pb-6-75-g01){#Ch1.F1}

###### 

Similarity of the six factors used for reprogramming between marmoset and baboon.

            cDNA (%)   Protein (%)
  ------- ---------- -------------
  SOX2         94.06         99.37
  OCT4         85.37         96.03
  KLF4         87.54           100
  LIN28        96.98         98.56
  c-MYC        82.84         97.72
  NANOG        84.75         88.59

2.2. Detection of pluripotency markers {#Ch1.S2.SS2}
--------------------------------------

Each of the five lines generated expressed well-established pluripotency markers, including OCT4A (POU5F1), LIN28, TRA-1-60, TRA-1-81, SALL4, SOX2, and NANOG, as tested by immunostaining (Fig. 2). OCT4A, SALL4, NANOG, and SOX2 are nuclear, while LIN28 was detected in the cytoplasm. TRA1-60 and TRA-1-81 show membrane and cytoplasmic staining. These data indicate successful reprogramming (Fig. 2). Isotype controls were performed as a negative control (Fig. S1 in the Supplement).

![biPSC characterization by immunofluorescence staining. Detection of the pluripotency markers SALL4, OCT4A, LIN28, SOX2, NANOG, TRA-1-81, and TRA-1-60and. OCT4A, SOX2, NANOG, and LIN28 expression comes from both endogenous gene reactivation and exogenous transposon expression. SALL4, TRA-1-81, and TRA-1-60 result exclusively from endogenous expression as they are not contained in the reprogramming vector (scale bars 20 $µ$m).](pb-6-75-g02){#Ch1.F2}

We performed reverse transcription polymerase chain reaction (RT-PCR) to corroborate the expression of these factors at the messenger RNA (mRNA) level and to discriminate between endogenous expression and exogenous expression from the transposon (Fig. 3). To assess the expression of the transposon-derived transcript, primers were designed to demonstrate the presence of the 5$^{\prime}$-end of the synthetic transposon transcript covering the fused *SOX2*--*OCT4* sequences, and at the 3$^{\prime}$-end *LIN28*--*NANOG* (Fig. 3a and b). The transcript analysis was performed at passage 15 to 30. None of the lines showed the absence of the exogenous transcript according to the semiquantitative RT-PCR analysis. Although the *piggyBac* expression is still active, the biPSC lines present a comparable expression of endogenous *OCT4A, ZFP42*, and *SOX2* to rhesus monkey embryonic stem cells (rhESCs), which were used in the absence of a baboon ESC line as a positive control (Fig. 3). Only the intensity of the *NANOG* band was considerably weaker in some baboon iPSC lines than in the rhESC line.

![biPSC characterization by RT-PCR. **(a)** Expression analysis of the five baboon iPSCs lines (DPZ_biPSC1-5). In the absence of a baboon ESC line, rhesus embryonic stem cells (rhESC) were used as a positive control and baboon primary fibroblasts as a biological negative control (fibroblast). A 1 Kb Plus DNA Ladder was used as size marker. RT-PCR analysis of the iPSCs lines for the endogenous pluripotency factors *OCT4A*, *NANOG*, *ZFP42*, and *SOX2* as well as for the reprogramming cassette expression at two different sites, namely *SOX2*--*OCT4* (beginning of the transposon; no. 2 -- see **b**), *LIN28*--*NANOG* (end of the transposon; no. 1). **(b)** *piggyBac* transposon used in this study, coding for the marmoset (*Callithrix jacchus*) reprogramming factors, *SOX2* (S), *OCT4* (O), *KLF4* (K), c-*MYC* (M), *LIN28* (L), and *NANOG*(N). 2A peptides substituting the stop codons were inserted between the reprogramming genes. The expression of the factors is driven by a CAG promoter. The puromycin resistance gene (Puro) is expressed under the control of an independent CAG promoter. **(c)** The *pBase-dtTomato* construct was transiently co-expressed with the vector shown in **(b)** and facilitates the integration of the transposon in the genome. Transposase expression is driven by the cytomegalovirus promoter (Pcmv).](pb-6-75-g03){#Ch1.F3}

2.3. Feeder-dependent and feeder-free culture of iPSCs {#Ch1.S2.SS3}
------------------------------------------------------

Three biPSC lines (DPZ_biPSC1, 4, and 5) were adapted to feeder-free conditions. The cells proliferated and remained undifferentiated in standard human iPSCs culture conditions, using Geltrex as an attachment matrix and Essential 8 medium (Fig. 4). The morphology of the colonies changed during the process of adaptation, and the lines stabilized after about three passages after the switch to the new culture conditions. Although adaptation of all five biPSC to feeder-free conditions was tested, only three of the lines were stable in the new culture conditions. The lines under feeder-free conditions maintained the typical cellular and colony morphology, i.e., small cells with a high nuclei$/$cytoplasm ratio. The colony morphology changed slightly in the new conditions; the rather regular borders seen on feeders changed to a more fringy appearance (Fig. 4a, also compare with Fig. 1a). After obtaining a homogenous undifferentiated morphology throughout the culture plate, it was possible to passage the cells by gentle dissociation using Versene solution instead of manual picking (Fig. 4a). Splitting using collagenase type IV and accutase was tested but led to a higher degree of morphological differentiation (data not shown). Five to ten passages after adaptation, a basic characterization was performed to check if the iPSCs remained undifferentiated. Expression of NANOG and OCT4A as pluripotency-specific markers as well as TRA-1-81 and AP indicated that the cells remained pluripotent even under feeder-free conditions (Fig. 4a--e).

![biPSCs adaptation to feeder-free conditions. **(a)** Bright field pictures of DPZ_biPSC1, DPZ_biPSC4, and DPZ_biPSC5 in culture on Geltrex with E8 medium (scale bar, **a** 200 $µ$m; **b--d** 20 $µ$m and **e** 100 $µ$m). **(b--d)** DPZ_biPSC1 immunofluorescence staining, for **(b)** NANOG, **(c)** OCT4A, and **(d)** TRA1-81 to confirm that the lines remain undifferentiated after the adaptation to the feeder-free conditions (scale bar 20 $µ$m). **(e)** Alkaline phosphatase staining of DPZ_biPSC1 under feeder-free conditions (scale bar represents 100 $µ$m).](pb-6-75-g04){#Ch1.F4}

2.4. Baboon iPSC differentiation by teratoma formation {#Ch1.S2.SS4}
------------------------------------------------------

To demonstrate the differentiation potential of the generated iPSCs functionally, the teratoma formation assay was exemplarily performed for the DPZ_biPSC lines 1 and 5 by injecting $\sim 1 \times 10^{6}$ iPSCs subcutaneously into immunodeficient mice. DPZ_biPSC1 was injected after adaptation to feeder-free conditions, in contrast to DPZ_biPSC5, which remained under feeder-dependent conditions until injection. Tumors developed within 15 weeks. According to the type of culture (with MEFs or feeder-free on Geltrex), the lines were injected together with MEFs (DPZ_biPSC5) or Geltrex (DPZ_biPSC1) as an initial support for survival after injection (Fig. 5).

![Analysis of the DPZ_biPSC 1 teratoma. Tumor tissue was immunohistochemically analyzed for the expression of representative markers of the three germ layers: SOX9, $\mathit{\beta}$-tubulin 3, and smooth muscle actin (SMA). **(a)** Macroscopic view of DPZ_biPSC 1 teratoma. **(b)** Overview of a H&E-stained teratoma section showing the structural heterogeneity (bar represents 2 mm). **(c)** Smooth muscle actin (SMA) staining indicating mesodermal differentiation. **(d)** $\mathit{\beta}$-Tubulin 3 staining ($\mathit{\beta}$-Tub III) indicating ectodermal differentiation. **(e)** SOX9 staining. SOX9 is a marker of endodermal progenitor and stem cells. **(f)** Pigmented cells (no immunohistochemical staining) indicating ectodermal differentiation (bars in **c--f** represent 70 $µ$m).](pb-6-75-g05){#Ch1.F5}

Both lines formed tumors that were analyzed when their diameter reached approximately 1 cm (Figs. 5a and S2a). The expression of markers of each embryonic germ layer was immunohistochemically analyzed. In a DPZ_biPSC1-derived tumor SOX9 (primitive endodermal epithelium), $\mathit{\beta}$-tubulin 3 (ectoderm), and smooth muscle actin (SMA) (mesoderm) were detected, demonstrating the pluripotency of this line (Fig. 5c--e). Also, clusters of pigmented cells were detected (Fig. 5f), which also indicate ectoderm. The DPZ_biPSC5-derived teratoma similarly showed differentiated cells expressing the respective markers but also contained clusters that remained undifferentiated as indicated by OCT4A- (Fig. S2c) and NANOG-positive (not shown) cells, even 15 weeks after injection.

3. Methods {#Ch1.S3}
==========

3.1. Animals and animal housing; ethics statement {#Ch1.S3.SS1}
-------------------------------------------------

The German Primate Center is registered and authorized by the local and regional veterinary governmental authorities (reference number: 122910.3311900, PK Landkreis, Göttingen). The DPZ runs self-sustaining colonies of different primate species including baboons. The animal from which the cells were obtained was sacrificed at the age of 12 years in the context of an unrelated approved study. Skin samples were made available during necropsy to the Platform Degenerative Diseases of the DPZ.

3.2. Cell culture {#Ch1.S3.SS2}
-----------------

### 3.2.1. Isolation of baboon primary fibroblasts {#Ch1.S3.SS2.SSS1}

Skin tissue pieces of approximately $1 \times 1$ cm were dissected to remove subcutaneous adipose tissue and washed three times with phosphate-buffered saline (PBS) buffer with antibiotics (1 %, $v/v$, penicillin/streptomycin, Gibco, 0.25 $µ$g mL$^{- 1}$ amphotericin B, Sigma). The skin was minced with scalpels and digested in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10 mg mL$^{- 1}$ collagenase type IV (Gibco) for 3 h at 37 $^{\circ}$C at a constant rotation at 800 rpm. After the digestion, the remaining non-digested skin fragments were removed, and the cell suspension was centrifuged (300 g, 5 min, RT). The supernatant was discarded, and the pellet resuspended in Rh15 medium (DMEM, Gibco, 15 %, $v/v$; fetal bovine serum, Gibco, 1 %, $v/v$; penicillin$/$streptomycin, Gibco, 0.25 $µ$g mL$^{- 1}$; amphotericin B, Sigma, 1 %, $v/v$; Minimum Essential Medium (MEM) non-essential amino acids solution, Gibco; 2 mM GlutaMAX, Gibco) and plated onto two 10 cm diameter gelatine-coated culture dishes (0.1 % gelatine; Sigma). Fibroblasts were passaged using StemPro accutase (Thermo Fisher).

### 3.2.2. Mouse embryonic fibroblasts (MEFs) {#Ch1.S3.SS2.SSS2}

Gamma-irradiated MEFs were used as feeder cells. Their generation and culture were described previously (Debowski et al., 2015).

### 3.2.3. Nucleofection {#Ch1.S3.SS2.SSS3}

For reprogramming the *piggyBac* NHP six-factor transposon system was used (Debowski et al., 2015). Baboon fibroblasts ($1 \times 10^{6}$ cells) were nucleofected (6 $µ$g pDNA) after at least three passages in culture using the 4-D Nucleofector (Lonza), with P2 Primary Cell 4D-Nucleofector^®^ X Kit L (Lonza; program CA-137). A pmax-GFP (green fluorescent protein) vector was used as a positive control for nucleofection.

### 3.2.4. Reprogramming procedure {#Ch1.S3.SS2.SSS4}

After nucleofection, the efficiency was estimated by the expression of the reporters in the *pBase-dtTomato* transposase (Fig. 3c) and the pmax-GFP. Antibiotic selection was started 2 d after nucleofection by supplementation of the Rh15 medium for 5 d with 1.5 $µ$g mL$^{- 1}$ puromycin (Sigma). After selection, the cells were transferred at day 6 after nucleofection onto gelatine-coated 10 cm plates with MEFs ($0.2 \times 10^{5}$ cells per plate) and cultured in embryonic stem cell medium (ESM) (KO-DMEM, Gibco; 20 %, $v/v$, KnockOut Serum Replacement, Gibco;, 1 %, $v/v$, penicillin$/$streptomycin, Gibco; 0.25 $µ$g mL$^{- 1}$ amphotericin B, Sigma; 1 %, $v/v$, MEM nonessential amino acid solution, Gibco; 2 mM GlutaMAX, Gibco; 50 $µ$M 2-mercaptoethanol, Gibco) supplemented with 10 ng mL$^{- 1}$ fibroblast growth factor (FGF, ThermoFisher). During the first 6 d of culture on MEFs, ESM was supplement with 2 mM valproic acid (Calbiochem). The first colonies appeared at day 25, and new colonies were picked until day 60. Colonies were picked manually from the primary plate to fresh plates with MEFs. Around passage 5, colonies were stable enough to stop manual picking and passaged using 1 mg mL$^{- 1}$ collagenase type IV (Gibco).

Freezing of the cells was performed using ESC medium with 20 %DMSO (dimethylsulfoxid, DMSO; Sigma at $- 150$ $^{\circ}$C).

 {#Ch1.S3.SS3}

RNA extraction was performed from frozen cell pellets using the RNAeasy Mini Kit (Qiagen). For complementary DNA (cDNA) synthesis, the omniscript RT kit (Qiagen) was used according to the manufacturer\'s protocol using 1 $µ$g mRNA per reaction. Residual genomic DNA (gDNA) was removed using the RNase-Free DNase kit (Qiagen). Oligonucleotides (Sigma) are detailed in Table 2. Primers to analyze endogenous expression were designed specifically for the 3$^{\prime}$UTR of each pluripotency gene, which is not included in the reprogramming cassette. Specific amplification of exogenous transcripts was performed by designing primers located in two consecutive coding sequences of the *piggyBac* not present in the wild type genome. In the absence of baboon ESCs, rhesus monkey embryonic stem cells (rhESC; line 366.4) (Thomson et al., 1995) were used as a positive control and baboon fibroblasts as a negative control. Beta-actin was used as a housekeeping gene for normalization.

###### 

Oligonucleotides (Sigma) used for the cDNA amplification of the endogenous and exogenous pluripotency factors and *ACTB* used as housekeeping gene.

  Name              Primer sequence 5$^{\prime}$3$^{\prime}$
  ----------------- ------------------------------------------
  SOX2-OCT4_fw      TCTTCCTCGCACTCCAGGGC
  SOX2-OCT4_rev     CAGGGTGATCCTCTTCTGCTTC
  LIN28-NANOG_fw    AGCCATATGGTAGCCTCATGTCC
  LIN28-NANOG_rev   GGTTGCTCCAGGTTGAATTGC
  OCT4_fw           GAAGGATGTGGTCCGAGTGT
  OCT4_rev          AGGCGCCTCAGTTTGAATGC
  NANOG_fw          GCAATGGTGTGACTCAGAAGG
  NANOG_rev         TTCAGCCAGTGCCCAGACTG
  ZFP42_fw          CAGAGCCCATTCTTGGTCGG
  ZFP42_rev         CATTTCCGCCTGCAGGTCTT
  SOX2_fw           GGCATGGCTCTTGGTTCCAT
  SOX2_rev          TGTCCTGCCCTCACATGTGC
  ACTB \_fw         GACCTGACTGACTACCTCATG
  ACTB_rev          GGTAGTTTCGTGGATGCCACA

3.4. Alkaline phosphatase {#Ch1.S3.SS4}
-------------------------

Alkaline phosphatase activity was demonstrated using the leukocyte alkaline phosphatase kit (Sigma) according to the manufacturer\'s instructions.

3.5. Immunofluorescence staining {#Ch1.S3.SS5}
--------------------------------

Cells were cultured on coverslips until the colonies reach 60 %--80 % confluence. For fixation, the plates were washed three times with PBS and fixed using 4 % paraformaldehyde (PFA) ($v/v$) for 20 min at room temperature. Before blocking, cells were washed three more times with PBS. Blocking was performed using 1 % bovine serum albumin (BSA) in PBS for surface markers or 1 % BSA in PBS supplemented with TritonX-100 (0.1 %, Sigma) for permeabilization in the case of staining intracellular markers. The primary antibody was diluted in 1 % BSA in PBS and the cells were incubated for 1 h at 37 $^{\circ}$C. The washing step described above was repeated between first and second antibody incubations. Alexa488-coupled secondary antibodies (Life Technologies) diluted in 1 % BSA in PBS were also applied for 1 h at 37 $^{\circ}$C. Cells were finally incubated in 4$^{\prime}$,6-diamidino-2-phenylindole (DAPI) diluted in PBS (05 $µ$g mL$^{- 1}$; Roth) for 10 min to stain the nuclei. The coverslips were mechanically detached and mounted using citifluor mountant medium (CITIFLUOR ltd.). Immunofluorescence images were taken with a Zeiss Observer Z1 (Zeiss). The primary antibodies used and their dilutions were OCT4A (cell signalling OCT-4A C52G3, $1:1600$), SOX2 (cell signalling C70B1, $1:200$), NANOG (cell signalling D73G4, $1:400$), TRA 1-60 (eBioscience 14-8863, $1:100$), TRA 1-81 (eBioscience 14-8883, $1:100$), LIN28 (cell signalling A177, $1:100$), and SALL4 (Abcam ab57577, $1:200$). As secondary antibodies, Alexa-488 conjugated donkey anti-mouse IgG (H$+$L) (Life technologies A21202, $1:1000$), donkey anti-rabbit IgG (H$+$L) (Invitrogen A-21206, $1:1000$), and goat anti-mouse immunglobulin M (IgM) (H$+$L) (Invitrogen A-21042, $1:1000$) were used.

3.6. Teratoma formation and histological analysis {#Ch1.S3.SS6}
-------------------------------------------------

For the teratoma assay, cells were prepared for injection by mixing $8 \times 10^{5}$ biPSC with $2 \times 10^{5}$ MEFs in the case of injection with feeders and $1 \times 10^{6}$ biPSCs in the case of feeder-free lines. Cells were diluted in PBS substituted with Geltrex solution (0.1 mg mL$^{- 1}$, ThermoFisher) with a final volume of 120 $µ$L per injection. Immunodeficient RAG2$^{- / -}\mathit{\gamma}$c $^{- / -}$mice were injected subcutaneously with the different cell lines. The mice were checked regularly, and the formation of tumors was monitored by palpation. Teratomas were isolated when reaching a diameter of 1 cm around 15 weeks after the injection. The immunohistochemical staining protocol has been described previously (Eildermann et al., 2012). The antibodies used for immunohistochemical staining were anti-$\mathit{\beta}$-tubulin III (Sigma, T8660, $1:600$), anti-SMA (Sigma, A2547, $1:1000$), anti-SOX9 (Millipore, AB5535, $1:1000$), and anti-OCT4A (cell signalling, 2890, $1:1000$).

3.7. Adaptation to feeder-free conditions {#Ch1.S3.SS7}
-----------------------------------------

Baboon iPSC colonies were manually dissociated and transferred using a pipet to a 7 cm culture dish coated with Geltrex (Thermo Fisher Scientific). Cells were cultured in Essential 8 medium (E8; Thermo Fisher). For the first 2 d after the transfer, the medium was supplemented with ROCK inhibitor pro-survival compound (PSC DDD00033325 -- Calbiochem; 5 $µ$M). Colonies were initially manually picked and then split with Versene solution (Thermo Fisher). Dilution factors during passaging of the cells varied between $1:10$ and $1:20$. Freezing of the cells under feeder-free conditions was done using the Essential 8 medium supplemented with 20 % DMSO (Sigma) and 10 $µ$M PSC.

3.8. Karyotyping {#Ch1.S3.SS8}
----------------

Baboon iPSCs were treated with demecolcine solution (380 ng mL$^{- 1}$; Sigma-Aldrich) for 5 h at 37 $^{\circ}$C. Cells were detached with accutase (Thermo Fisher) for 1 min at 37 $^{\circ}$C collected in a 15 mL tube and centrifuged at 200$g$, 5 min (RT). The supernatant was discarded, and the cell pellet resuspended in 1 mL ESM by tapping the tube carefully. Pre-warmed (37 $^{\circ}$C) hypotonic KCl$/$sodium citrate solution ($1/1$, 0.075 M/3.8 mM) was added dropwise to the cell suspension while shaking the tube carefully (approx. 8 mL). After 15 min of incubation at 37 $^{\circ}$C, the cells were centrifuged (1000 rpm, 8 min (RT)) and the supernatant discarded. Pre-cooled ($- 20$ $^{\circ}$C) fixative ($3:1$ methanol$/$glacial acetic acid $v/v$) was then added dropwise to the cell suspension while shaking the tube carefully. The cells were incubated on ice for 10 min and then centrifuged (fixation and centrifugation steps were repeated three times). Fixed cells were dropped onto slides and baked at 60 $^{\circ}$C overnight. Dry samples were immersed in 0.15 % trypsin$/$NaCl (Biochrom) for 50--60 s and stained with 5 % Giemsa (Merck). A total of 11 G-banded metaphases were analyzed from the selected cell lines. Karyotypes of baboon iPSCs were arranged according to Moore et al. (1999) using the IKAROS imaging system (Metasystems).

3.9. Sequence comparison {#Ch1.S3.SS9}
------------------------

The following sequences were used for the determination of the similarity between the marmoset and the baboon cDNA and protein, respectively: SOX2 (ENSCJAG00000008401/ENSPANG00000025489), OCT4A (ENSCJAG00000019789/ENSPANG00000007627), KLF4 (ENSCJAG00000016955/XM_003911399.2 and ENSPANG00000025718), LIN28 (ENSCJAG00000009796/ENSPANG00000009841), c-MYC (ENSCJAG00000012620/ENSPANG00000010418), and NANOG (ENSCJAG00000018999/ENSPANG00000009019).

4. Discussion {#Ch1.S4}
=============

NHP iPSCs are of relevance for the preclinical evaluation of regenerative therapies (Phillips et al., 2014). This may particularly involve therapies of the central and peripheral nervous system, the eye, the heart, and the vascular system (Stevens et al., 2009; Grow et al., 2016a; Agrba et al., 2016; Längin et al., 2018; Shiba et al., 2016; Emborg et al., 2013; Wang et al., 2015; Chong and Murry, 2014). Marmosets and macaques (rhesus and cynomolgus monkeys) are the most frequently used NHP species in biomedical research, but they differ in some characteristics from humans, including body size (Behr, 2015). In terms of body size, immunological characteristics, and other features, the baboon can be an excellent alternative model to mimic human pathology. The similar anatomy, specifically organ size, and immunology of baboons are reflected in their crucial role in (xeno-) transplantation research (Bailey, 2009; Längin et al., 2018). Since different iPSC lines from the same species, even from the same animal, have different properties and may respond differently to external cues, it is expedient to have a representative number of baboon iPSC lines available (Ohi et al., 2011; Carcamo-Orive et al., 2017). So far, there are only very few baboon iPSC lines, and it has been reported that the reprogramming of cells particularly from this species is challenging in comparison to humans, macaques, or mice (Navara et al., 2013, 2018). Here, we report the generation and initial characterization of five new baboon iPSC lines and developed a robust protocol that can be used to easily increase the number of available lines.

We demonstrate that feeder-free culture of the novel baboon iPSC lines is possible, at least after initial derivation of the lines on MEFs. Although we tried to adapt all lines to feeder-free culture, this was not achieved for biPSC2 and 3. We believe that further fine-tuning of the feeder-free culture conditions is necessary to generate a robust protocol that works for all lines. Feeder-free culture is important concerning preclinical testing, upscaling, and the molecular analysis of pure cell populations which are not intermingled by xeno-genic cells. Furthermore, the feeder-free protocol may pave the way to fully xeno-free generation of NHP iPSC lines (Villa-Diaz et al., 2013; Nishizawa et al., 2014; Hakala et al., 2009). Finally, in the context of the three Rs (replace, reduce, refine) of animal research, a reduction in the number of animals used needs to be considered since MEFs are prepared from E12.5 mouse embryos.

In the present study, we successfully generated iPSC lines from an adult female baboon. A previous report on baboon iPSCs used embryonic fibroblasts, which are much more easily reprogrammable than adult fibroblasts according to our own unpublished and previously published data (Debowski et al., 2015; Imamura et al., 2012). Generally, we have shown that our approach using the *piggyBac* system is robust and reproducible. Furthermore, we speculate that the efficiency of reprogramming of neonatal or even embryonic fibroblasts, using the same protocol, will be higher than using adult fibroblasts. However, this was not possible to test in our study due to the lack of tissue samples from young or even prenatal baboons.

The *piggyBac* cassette can be removed from the cells without leaving a footprint in the genome. This has been shown in previous reports with human and mouse iPSCs (Malik and Mahendra, 2013; Patel and Yang, 2010; Woltjen et al., 2011; Yusa et al., 2009; Mohseni et al., 2009) and could also be done with the Baboon lines. The option to remove the reprogramming cassette is a clear advantage of this system in comparison to retroviral vectors, which are stably integrated into the genome (Navara et al., 2013). Moreover, even if retroviral vectors are flanked by recombination sites, e.g., loxP sites, facilitating their excision, the excision site remains mutated due to incomplete removal of the recombination site. Currently, we cannot exclude that pluripotency factor expression from the transposon also supports feeder-free culture. After future removal of the transposon, the continuous culture on Geltrex needs to be reevaluated.

Protein expression analysis of the pluripotency factors in our biPSCs lines shows that they express OCT4A, LIN28, NANOG, SOX2 and SALL4, and tumor rejection antigens (Fig. 2). However, transcript analysis by RT-PCR, which can -- in contrast to antibodies -- discriminate between endogenous and exogenous factors, showed two things: first, the endogenous genes encoding the pluripotency factors are all reactivated, though at different levels (Fig. 3). Secondly, the *piggyBac*-derived transcripts are still detectable and therefore will contribute to the signals detected on the protein level by immunostaining (Fig. 2). In parallel studies with marmoset monkey iPSCs generated using the same system, we observed a silencing of the transposon and that the contribution of the exogenous expression to the overall pluripotency factor expression was (at least on the transcript level) most likely lower than the expression from the endogenous reactivation of pluripotency genes (Debowski et al., 2015). We speculate that passage-number-dependent promoter methylation may influence the expression level of the *piggyBac* cassette. In fact, we have evidence from *piggyBac*-mediated reprogramming-derived rhesus iPSC lines that methylation of the CAG promoter driving the reprogramming cassette occurs (unpublished data). Although the exogenous transposon-encoded factors are still active in cultured cells, the teratoma assays show that the iPSC lines are not arrested in pluripotency by the forced expression of the reprogramming factors. In fact, the teratomas show that expression from the *piggyBac* cassette is strongly downregulated, or even switched off, since in almost all cells of the teratoma (except the few clusters of cells like the one shown in Fig. S2) we were not able to detect OCT4A and other cassette-encoded factors on the protein level by robust and sensitive immunohistochemistry (Aeckerle et al., 2015; Wolff et al., 2019).

Altogether, as demonstrated by five novel iPSCs lines from an adult female olive baboon, we have established a robust protocol for the generation of adult baboon iPSC lines. In general, the fully reversible six-factor *piggyBac* system with monkey reprogramming factors seems to be an efficient tool for the generation of NHP iPSCs in general since we have successfully used the *piggyBac* system also for the generation of difficult-to-reprogram marmoset (Debowski et al. 2015) as well as of rhesus cells (unpublished). In cases where non-integrating approaches like the Sendai virus method do not work reliably, the *piggyBac* system represents an efficient alternative.
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